The aim of this prospective, single-arm study was to test the efficacy and tolerability of autologous stem cell transplantation (auto-SCT) combined with in vivo rituximab purging and post-transplant rituximab maintenance therapy in patients with diffuse large B-cell lymphoma (DLBCL). This study included 12 DLBCL patients aged 18-65 years with an International Prognostic Index ≥2. The patients received 4-6 cycles of induction therapy consisting of rituximab plus cyclophosphamide, adriamycin, vincristine and prednisone followed by salvage therapy prior to stem cell mobilization. This regimen was followed by rituximab maintenance therapy (375 mg/m 2 every three months for two years). Prior to auto-SCT, six patients (50%) achieved complete remission (CR) and six (50%) achieved unconfirmed complete remission (CRu). Three months after transplantation, 11 patients (91.7%) achieved CR and one achieved CRu. After two cycles of rituximab maintenance therapy, all 12 patients achieved CR. Long-term CR was achieved by 10 patients, while two experienced relapse at 14 and 20 months after the end of rituximab maintenance therapy. The median follow-up period was 44 months (range 35-61). Disease-free survival was noted in 10 patients, while two experienced relapse. The three-year overall survival (OS) and progression-free survival (PFS) were 100 and 83%, respectively. Prolonged hypogammaglobulinemia occurred in two patients, although no increase in major infections was observed. Hepatitis B surface antigen was continuously negative in all 12 patients. Our results demonstrated that auto-SCT combined with in vivo rituximab purging and post-transplant rituximab maintenance is safe and effective, and may extend OS and PFS in younger high-risk DLBCL patients.
Introduction
Diffuse large B-cell lymphoma (DLBCL) is the most common form of non-Hodgkin's lymphoma (1) . Prognostic factors include age, general health, serum lactate dehydrogenase levels, Ann Arbor disease stage, and the presence of extranodal lesions (2) . The introduction of the anti-CD20 antibody rituximab greatly improved the management and treatment of B-cell malignancies (3) , including DLBCL (4, 5) . Retrospective analyses of rituximab in combination with cyclophosphamide, doxorubicin, vincristine, prednisone (CHOP) or equivalent regimens demonstrated that the two-year overall survival (OS) increased to 78% in adult DLBCL patients of all ages, in comparison to 52% in the pre-rituximab era (6) . For DLBCL patients, combination therapy consisting of rituximab plus CHOP chemotherapy is now the standard first-line treatment (5) .
Despite improved outcomes, a proportion of DLBCL patients exhibit relapse, particularly the subgroup of patients with an International Prognostic Index (IPI) ≥2 (according to National Comprehensive Cancer Network criteria). Currently, the standard therapy for chemosensitive relapses is based on salvage chemotherapy followed by high-dose therapy and autologous stem cell transplantation (auto-SCT) in selected patients (7) . The benefits of auto-SCT in combination with salvage chemotherapy over salvage chemotherapy alone have been demonstrated in several studies (8, 9) . In this clinical setting, the application of rituximab for in vivo purging of stem cell grafts resulted in a high purging efficiency and improved response rates (10, 11) . Five-year interim results from an ongoing study have shown the efficacy of in vivo rituximab graft purging and post-transplant rituximab maintenance therapy in combination with auto-SCT in patients with relapsed follicular lymphoma (12) . However, these results need to be confirmed in studies using additional patient cohorts, such as DLBCL patients. Another unknown element is the effect of rituximab induction treatment on the outcome of second-line treatment regimens involving the use of rituximab for graft purging and maintenance therapy. Further clinical evidence is necessary in order to guide the choice of salvage chemotherapy regimens and assess the role of rituximab maintenance following auto-SCT.
This study aimed to determine the efficacy and safety of rituximab purging and maintenance therapy combined with auto-SCT in younger patients with high-risk DLBCL after rituximab-based induction therapy.
Materials and methods
Inclusion criteria. DLBCL patients were evaluated at the Department of Hematology, Peking union Medical College Hospital, China, between December 2004 and December 2006. The main inclusion criteria were: an IPI score ≥2, age 18-65 years, an Eastern Cooperative Oncology Group (ECOG) status <2, and partial recovery after corresponding induction therapy. Patients were excluded if they exhibited central nervous system involvement, a history of other malignancies, pregnancy, severe non-malignant cardiac, renal, hepatic or neurological diseases, and severe active infections, including evidence of hepatitis B virus (HBV) replication. The study protocol was approved by the local ethics committee, and this study was performed in accordance with the standards defined by the 1964 Declaration of Helsinki. Informed consent was obtained from all patients prior to enrollment in the study.
Induction therapy. All 12 patients received 4-6 courses of induction therapy consisting of rituximab plus CHOP. The patients underwent evaluation after every two cycles of chemotherapy. Patients who did not exhibit partial remission (PR) or who exhibited relapse after remission received salvage chemotherapy, which consisted of 2-4 courses of etoposide, cisplatin, cytarabine and methylprednisolone/mitoxantrone, ifosfamide and etoposide until PR was achieved. Stem cells were mobilized in patients without lymphoma infiltration as assessed by bone marrow examination.
Mobilization and harvesting of autologous peripheral hematopoietic stem cells. Peripheral hematopoietic stem cells were mobilized with CHOP (cyclophosphamide: 2.5 g/m 2 ). Granulocyte colony-stimulating factor (G-CSF) was administered at a concentration of 5-10 µg/kg/day. A single infusion of rituximab (600 mg) was administered intravenously as an in vivo purge one day prior to stem cell mobilization. Peripheral hematopoietic stem cells were harvested using a Baxter CS3000 Plus cell separator when peripheral mononuclear cells (MnCs) were >1.5x10 9 /l with a target count of >2x10 8 MnCs and >2x10 6 CD34 + cells per kg of body weight. Patients in complete (CR) or unconfirmed complete remission (CRu) after mobilization underwent auto-SCT.
Transplantation of hematopoietic stem cells. The patients were pretreated with carmustine (300 mg/m 2 , day -7), etoposide (200 mg/m 2 , days -6 to -3), cytarabine (400 mg/m 2 , days -6 to -3) and melphalan (140 mg/m 2 , day -2) (BeAM). One day after stem cell reinfusion, g-CSF (5 µg/kg/day) was administered subcutaneously until the WBC count reached >1.5x10 9 /l. Antimicrobial prophylaxis was administered simultaneously.
In vivo purging with rituximab. A single infusion of rituximab (375 mg/m 2 ) was administered intravenously as an in vivo purge one day before stem cell mobilization, one day before conditioning therapy (day -8) and seven days after reinfusion (day +7). Dexamethasone and Tylenol ® were administered for allergy prevention prior to infusion.
Rituximab maintenance after stem cell transplantation.
At 100 days after auto-SCT, patients underwent rituximab (375 mg/m 2 ) maintenance therapy every three months for a total of two years.
Treatment of hepatitis B. Patients who were positive for hepatitis B-associated antibodies (with the exception of HBsAb) received lamivudine (0.1 mg orally once daily).
Patient follow-up. Follow-up was carried out every three months, and included a physical examination, blood testing, testing for HBV serological markers and quantification of serum immunoglobulins. A whole body computed tomography (CT) scan was performed every six months. Response to therapy was assessed every six months. Patients exhibiting relapse were withdrawn from the study and received salvage treatment. Rituximab treatment was withdrawn when treatment-associated adverse effects were greater than second degree.
Endpoints and statistical considerations. The primary outcome in this study was progression-free survival (PFS). Secondary endpoints were OS and the presence of treatmentrelated toxicity. OS was defined as the interval between stem cell reinfusion and patient death, and PFS was defined as the time between stem cell reinfusion and the first relapse or last follow-up. Treatment efficacy was evaluated according to the standardized response criteria for lymphomas (13) . OS and PFS were determined using the Kaplan-Meier method.
Results
Patient demographics and baseline characteristics. Seven male and five female patients with stage III/IV DLBCL were recruited in the present study. Patient baseline characteristics are summarized in Table I . The mean age was 45 years (range 18-63). One patient had an IPI score of 4, while the remaining patients exhibited IPI scores of 2-3. The patients received an average of seven cycles of chemotherapy (range 6-9) prior to undergoing auto-SCT. First-line auto-SCT was performed in nine patients. Among these patients, residual disease was found in three individuals without CR. Another three patients who showed chemosensitive disease received salvage treatment due to relapse, and CRu was achieved after salvage treatment followed by auto-SCT.
Response to therapy and relapse. Prior to undergoing auto-SCT, six patients (50%) had achieved CR and six patients (50%) had achieved CRu. Three months after transplantation, 11 patients (91.7%) achieved CR and only one patient achieved CRu. After two cycles of rituximab maintenance therapy, CR was achieved in all 12 patients. A total of 10 patients achieved long-term CR and the other two experienced relapse 14 and 20 months after the end of rituximab maintenance therapy. Of these two patients, one experienced a relapse before transplantation, and CR was achieved after salvage treatment and stem cell mobilization. After four cycles of rituximab maintenance therapy (14 months after auto-SCT), space-occupying lesions were found, indicating a relapse. The other patient had a residual lesion in the neck before undergoing transplantation. This lesion showed partial improvement after auto-SCT. After two cycles of rituximab maintenance therapy the residual lesion was resolved, suggesting CR. However, a relapse was noted after six cycles of rituximab maintenance therapy (20 months after auto-SCT). Subsequently, the two patients received salvage therapy and radiotherapy, which led to CR.
Survival. The mean follow-up period was 44 months (range 35-61). Disease-free survival was noted in 10 patients, and two patients survived, despite tumor relapse. The median survival time was not achieved in either patient. The threeyear OS rate was 100% and the three-year PFS rate was 83%. The projected five-year OS and PFS rates are 100 and 83%, respectively (Fig. 1) .
Adverse effects. No serious adverse events or deaths related to stem cell mobilization or auto-SCT were noted in this study, nor any treatment-related mortalities. During stem cell harvesting, the median MnC count was 3.8x10 8 per kg of body weight (range 2.2-7.1x10 8 ) and the median CD34 + cell count was 4.6x10 6 per kg of body weight (range 2.5-8.4x10 6 ). The median time for the recovery of neutrophils was 10 days (range 8-11). After auto-SCT, eight patients experienced fever due to agranulocytosis. No symptoms of infection were observed in seven patients. One patient had septicemia caused by E. coli but recovered after antibiotic therapy. no other hematologic or non-hematologic adverse effects occurred.
A total of eight patients completed the eight cycles of rituximab maintenance therapy. Two patients withdrew from the study due to relapse after receiving four and six courses of rituximab maintenance. The remaining two patients, in whom the treatment interval was prolonged due to adverse effects, received four and seven courses of rituximab maintenance therapy. During maintenance therapy six months after undergoing auto-SCT, transient severe neutropenia (which lasted nine months) was observed in one patient. However, no signs of infection were noted, and the regimen was maintained. Herpes zoster was observed in one patient five months after undergoing transplantation; the patient recovered after receiving appropriate treatment. Repeated urinary tract infections and fungal vaginitis were observed in another patient six months after stem cell transplantation. However, the patient recovered two months after administration of antibacterial and anti-fungal therapy.
HBV monitoring. HBV-related serologic markers (HBsAg, HBsAb, HBcAb, HBeAg and HBeAb) were not detected in three patients before auto-SCT. Four patients were HBsAbpositive, three were HBsAb-and HBcAb-positive, and two were HBcAb-positive. The five patients who were HBcAbpositive received oral lamivudine. no changes in HBV-related markers were observed during follow-up. For the two patients who were only positive for HBcAb, HBV-DnA was also monitored and showed normal levels during follow-up.
Monitoring of immunoglobulin levels. Serum levels of immunoglobulins were monitored prior to stem cell transplantation and every three months during follow-up. The serum levels of immunoglobulins were normal in all 12 patients before auto-SCT. After transplantation, reduced immunoglobulin levels were noted in two patients, six and 21 months after transplantation. Serum Igg and IgA levels were reduced by 50 and 30%, respectively, in the first patient, accompanied by recurrent urinary tract infections and fungal vaginitis. Rituximab was withdrawn, and antibiotics and immunoglobulins were administered intravenously. The symptoms resolved two months later, and the patient's serum immunoglobulin levels recovered six months later. Subsequently, rituximab maintenance was reintroduced with no accompanying decrease in serum immunoglobulin levels. In the second patient, serum IgM and IgA levels were reduced by >50% 21 months after auto-SCT, and monoclonal immunoglobulin was not detected by immunofixation electrophoresis. Rituximab maintenance therapy was discontinued, and the patient was followed up for six months. Serum immunoglobulin levels partially recovered, but were lower than normal; however, no infection was observed in this patient.
Discussion
The introduction of rituximab has greatly improved treatment response, overall survival and disease-free survival in patients with DLBCL (4, 5) . nevertheless, tumor relapse is a frequent occurrence in all patient subsets, including younger patients with high-risk DLBCL. One approach to the treatment of relapsed DLBCL is the application of high-dose chemotherapy and auto-SCT (14, 15) . Although these therapeutic regimens are effective at improving response to treatment, long-term and event-free survival have only partially improved. In this setting, residual disease and tumor contamination of trans-fused stem cells are the main causes for relapse of DLBCL. The presence of minimal residual disease (MRD) is a known poor prognostic indicator in DLBCL patients who undergo transplantation (16) .
To this end, the eradication of tumor cells has been a treatment objective in therapeutic regimens involving transplantation. The use of rituximab for the in vivo purging of hematopoetic stem cell products has yielded encouraging results in disease eradication (up to 79% of MRD rendered undetectable after in vivo purging with rituximab), resulting in five-year OS and PFS of up to 78% (16) (17) (18) (19) . An ongoing prospective study in patients with relapsed follicular lymphoma showed that the use of rituximab for in vivo graft purging and maintenance therapy following auto-STC resulted in undetectable MRD in a high proportion of patients (12) . In this study, MRD was present in 56.5% of the patients (13/23) prior to treatment, but became undetectable in 77% of the patients after auto-SCT and in another two patients after subsequent rituximab maintenance therapy. Five-year OS and PFS were 78 and 59%, respectively. Taken together, these results suggest that the use of rituximab for in vivo purging in combination with maintenance therapy is a feasible treatment option for patients with relapsing disease (11) .
We hypothesized that rituximab purging and maintenance therapy in combination with auto-SCT is effective in DLBCL patients with CR after conventional induction treatment. Although our study was a single-center, prospective trial with the limitations of sample size and lack of a comparator group, our results provide further evidence supporting the use of rituximab in purging and maintenance therapy regimens.
The three-year and five-year OS rates in this study were 100%, and the three-year and five-year PFS rates were 83% after rituximab maintenance therapy. Our results corroborate previously published findings using similar treatment regimens incorporating auto-SCT. Two prospective studies (LnH87 and LnH93) by the groupe d'etude des Lymphomes de l' Adulte (geLA) in 137 patients with DLBCL who received first-line transplantation showed five-year OS and disease-free survival rates of 76 and 68%, respectively (20) . Similar findings were obtained in an independent study in 112 previously untreated DLBCL patients who received a combination of rituximab and high-dose sequential chemotherapy alongside multiple autologous peripheral blood progenitor cell (PBPC) support (15) . A total of 80% achieved CR, and the projected four-year OS and PFS were 76 and 73%, respectively.
Although rituximab is a well-established component of induction therapy, concerns have been raised regarding the potential effects of rituximab-based induction therapy on the outcomes of re-treatment with rituximab. Further compounding the issue are conflicting results on the use of rituximab as maintenance therapy. Some studies demonstrated the benefits of rituximab in maintenance therapy, but the results are hampered by the small sample size (21) . Other studies reported no significant differences in OS and PFS between DLBCL patients who received rituximab purging and maintenance therapy and those in the control group (22) . The results from our study suggest that rituximab maintenance therapy following auto-STC is beneficial for DLBCL patients who received rituximabbased induction therapy. Three months after transplantation, 11 patients (91.7%) achieved CR and one patient achieved CRu.
After two cycles of rituximab maintenance therapy, CR was achieved in all 12 patients. A total of 10 patients achieved longterm CR and two experienced relapse 14 and 20 months after the end of rituximab maintenance therapy.
The safety findings in the present study did not differ from those previously reported (12) , confirming the safety of rituximab in maintenance therapy. Treatment was delayed in only two patients due to rituximab toxicity. One adverse effect of potential concern is the activation of HBV replication, particularly in countries with a high incidence of HBV infection (such as China). The long duration of rituximab maintenance therapy may necessitate an increased frequency of anti-viral medication. In the present study, the activation of HBV replication was not observed upon treatment with rituximab. no patients withdrew from the study, and there were no delays in the start of therapy. Patients with active HBV replication were excluded, and lamivudine was administered to those who were positive for HBV-related antibodies (with the exception of HBsAb). nevertheless, the feasibility of rituximab maintenance therapy in patients with signs of active HBV infection needs to be confirmed in larger patient cohorts.
Two patients exhibited markedly reduced levels of serum immunoglobulins. The patients recovered gradually following discontinuation of therapy, with one of these patients experiencing recurrent infections. Lim et al (23) and Nishio et al (24) reported that rituximab maintenance therapy following stem cell transplantation in nHL patients induced a decrease in serum immunoglobulin levels. non-fatal infections were found in approximately 20-30% of patients. In addition, Nishio et al (24) reported that the recovery of memory B cells in these patients was delayed, leading to a reduced expression of CD27, CD80 and CD40, and a corresponding decrease in the production of plasma cells. Taken together, these results highlight the importance of monitoring serum immunoglobulin levels during rituximab maintenance therapy.
There is currently much variability in the frequency and duration of rituximab use in maintenance therapy regimens. Treatment in the PRIMA and SAKK trials consisted of treatment cycles once every two or three months over two years (25) . Other protocols define one treatment course as weekly rituximab treatment cycles over six consecutive weeks, and recommend one course of treatment every six months to a total of four courses. No conclusive evidence is currently available to support the clinical superiority of any treatment regimen. The results from our study suggest that a treatment cycle once every three months is an effective and practical alternative. Due to the long half-life of rituximab, effective plasma concentrations can be maintained with this regimen (26) . using this strategy, only eight treatment cycles are needed, thereby reducing treatment costs. The higher number of Chinese patients with potential HBV infections precludes the use of a once-weekly treatment regimen, which may activate HBV replication and increase the risk of liver deterioration. nevertheless, this hypothesis needs to be tested in future clinical trials.
In conclusion, the results from our study suggest that OS and PFS in younger patients with high-risk DLBCL improved through rituximab purging and maintenance therapy combined with auto-SCT. These findings also confirm the safety and tolerability of rituximab in a clinical setting.
